Mycobacterial α-, methoxy-and keto-mycolic acid methyl esters were separated by argentation chromatography into mycolates with no double bond, with one trans double bond or with one cis double bond. Meromycolic acids were prepared from each methyl mycolate fraction by pyrolysis, followed by silver oxide oxidation, and analysed by high-energy collision-induced dissociation/fast atom bombardment MS to reveal the exact locations of the functional groups within the meromycolate chain. The locations of cis and trans double bonds, cis and trans cyclopropane rings, methoxy and keto groups, and methyl branches within the meromycolate chain were determined from their characteristic fragment ion profiles, and the structures of the meromycolic acids, including those with three functional groups extracted from Mycobacterium tuberculosis H37Ra, Mycobacterium bovis BCG and Mycobacterium microti, were established. Meromycolic acids with one cis double bond were structurally closely related to those with one cis cyclopropane ring, whereas the meromycolic acids with one trans cyclopropane ring were closely related to the corresponding meromycolic acids with one cis cyclopropane ring. A close relationship between methoxy-and keto-meromycolic acids was also implied. The relationship between the meromycolic acids with a trans double bond and the other meromycolic acids was not clearly revealed, and they did not appear to be immediate substrates for trans cyclopropanation.
INTRODUCTION
Mycobacterial mycolic acids, high molecular mass 2-alkyl-branched 3-hydroxy fatty acids, are characteristic major lipid components of the cell envelope of mycobacteria. Though they are present in the free lipids of the cell envelope, the majority are esterified to form the terminal [5-mycoloyl-β-Araf-(1 2)-5-mycoloyl-α-Araf(1 )] units of the arabinogalactan attached to the shape-forming peptidoglycan of the cell envelope (McNeil et al., 1991) . According to current models for the mycobacterial cell envelope, as reviewed by Brennan & Nikaido (1995) , Draper (1998) and Dmitriev et al. (2000) , the long hydrocarbon chains of the mycolic acids are arranged in an orderly parallel manner, with the methyl ends facing towards the outside surface of the cell envelope. This mycolate arrangement is considered to form an electron-transparent layer and this arrangement has been demonstrated in electron micrographs of ultra-thin sections of the mycobacterial cell envelope (Paul & Beveridge, 1992 .
The mycolate layer is known to provide the cells not only with the structural rigidity but also with indispensable functions essential for mycobacterial cells to thrive. Some anti-tuberculosis drugs, such as isoniazid, are known to exhibit their bacteriostatic activity by M. Watanabe and others blocking the biosynthesis of mycolic acids. A number of studies have been published on the effects of the component mycolates on the fluidity and permeability of the cell-wall mycolate layer and on the roles of mycolates in the functions of the mycolate layer. The effects of temperature on the fluidity of different mycolates has also been reported (Liu et al., 1996) . In a mutant strain of Mycobacterium tuberculosis H37Rv, containing 40 % less cell-wall-linked mycolates than the wild-type, the diffusion rate of glucose through the cellwall layer was shown to be quite high (Jackson et al., 1999) . A Mycobacterium smegmatis mutant that produced no mycolates but accumulated arabinogalactanbound meromycolates was hypersensitive to hydrophobic antibiotics such as rifampicin and erythromycin (Liu & Nikaido, 1999 ; Wang et al., 2000) . Conversely, in an M. tuberculosis strain whose cell-wall-linked mycolate consisted solely of α-mycolate, the permeation rate through the cell envelope was quite low, implying increased rigidity or solidity of the mycolate layer in the cell envelope of this strain (Dubnau et al., 2000) . Recombinant O-methyltransferase-overproducing Mycobacterium bovis BCG and M. tuberculosis H37Rv strains, whose ketomycolate was completely replaced by the less hydrophilic methoxymycolate, showed poor growth in macrophages in vitro and had a decreased rate of permeation for hydrophilic substances such as glucose, though they were more sensitive than the corresponding wild-type strains to the hydrophilic antibiotic ampicillin (Yuan et al., 1998) . With regard to the effect of cyclopropane rings, distal cyclopropanation reportedly increases resistance to killing by H # O # , whereas proximal cyclopropanation has the effect of decreasing fluidity of the cell wall (George et al., 1995) . The effects of the various functional groups within the mycolates on the functions of the mycolate layer have been described in a review by Barry et al. (1998) .
The papers mentioned above attribute, at least partly, the differences observed in host-pathogenicity relationships to the mycolate composition of the infecting mycobacterium and to the structures of or to the nature of the cell envelope mycolate layer of the infecting strain. However, they do not pay much attention to the precise structures of these mycolic acids or to the exact locations of the functional groups within the mycolic acids. The different locations of these functional groups may affect the compactness of the mycolate layer differently and, consequently, may affect its physiological function.
With regard to the biosynthesis of mycolic acids, as shown in a review article by Barry et al. (1998) , information has been accumulated through intensive genetic and enzymic investigations. If the biosynthetic relationships between the mycolates are to be clarified, then it is also necessary to know the definite locations of the functional groups. Hence, this study presents the results of a study to characterize the functional groups of type 1, type 2 and type 3 mycolates, recently described by Watanabe et al. (2001) . Location of functional groups in meromycolic acids of hydroxymeromycolic acid gave a pair of signals for the hydroxy-bearing methine protons at 3n50 p.p.m. and 3n46 p.p.m. (both broad signals) for the stereoisomers and a signal for the methylene adjacent to the carboxyl at 2n35 p.p.m. (2 H, t, J 7n5 Hz). The yield of the hydroxymeromycolic acid was about 80 %.
RESULTS
In a recent study (Watanabe et al., 2001) , methyl mycolates from representative mycobacteria were fractionated into three major types by argentation chromatography ; each of these types was characterized by NMR and MS. Type 1 mycolates have no double bonds, type 2 mycolates have a trans double bond and type 3 mycolates have a cis double bond. In the present study, meromycolic acids were prepared from type 1, type 2 and type 3 methyl mycolates by pyrolysis and subsequent Ag # O oxidation. These meromycolic acids were then analysed by charge-remote fragmentation (CRF) MS to determine the locations of the functional groups within the chain. The categories of the meromycolic acids analysed are summarized in Tables 1-3. The structures of the different types of meromycolic acids are shown in Fig. 1 . Basically, CRF of the meromycolates was achieved by high-energy CID, a process considered to proceed through bond cleavage by 1,4-hydrogen elimination and to be independent of the charge (Jensen et al., 1985 ; Cordero et al., 1994 ) (CID and its mechanisms and applications have been reviewed by several authors, e.g. Adams & Songer, 1993 ; Chen & Gross, 2000) . Fig. 2 shows bond cleavage by 1,4-hydrogen elimination in CID, as proposed by Jensen et al. (1985) . This technique was developed, in a limited study, for the elucidation of the locations of double bonds in meromycolic acids from Mycobacterium fallax (Savagnac et al., 1989) . The locations of cis and trans double bonds, cis and trans cyclopropane rings, methoxy and keto groups, methyl branches adjacent to the methoxy and keto groups, and trans double bonds and trans cyclopropane rings in meromycolic acid chains were easily determined from their characteristic bond-cleavage profiles. For ketomeromycolic acid assays, the keto group was reduced to hydroxyl to facilitate mass spectral analysis. Functional groups nearer to the carboxy group are referred to as ' proximal ', whereas the others are referred to as ' distal ' for convenience.
FAB mass spectra
Figs 3(a), 4(a) and 5(a) show the FAB mass spectra of type 3 α-meromycolic acid from M. bovis BCG (IV, Fig.  1 and Table 1 ), of type 2 methoxymeromycolic acid from M. tuberculosis K (VIII, Fig. 1 and Table 2 ), and of hydroxymeromycolic acid derived from type 1 ketomeromycolic acid from the Mycobacterium avium complex (MAC) bacterium KK41-24 (X and XI, Fig. 1 and Table 3 ), respectively. Each meromycolic acid was shown to consist of several major homologues with different molecular masses, whose distributions corresponded to the mass distribution of intact mycolic acid methyl esters, as demonstrated by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) MS (matrix, 2,5-dihydroxy benzoic acid ; reflector mode) performed on a PerSeptive Biosystems Voyager RS system (Watanabe et al., 2001) . Representative major ions of the FAB mass spectra for each meromycolic acid were subjected to CID MS. The FAB mass spectra of type 1 α-meromycolic acids from Mycobacterium kansasii and the MAC, and of type 1 methoxy-and keto-meromycolic acids from all strains tested, except those from M. tuberculosis H37Ra, consisted of two series of peaks, one for those containing a cis cyclopropane ring and one for those containing a trans cyclopropane ring. The ratio between the peak heights of the most abundant components of the two series in each meromycolic acid differed from species to species, but they were quite similar among those from the strains of the same species. The FAB mass spectra of type 1 methoxy-and keto-meromycolic acids from M. tuberculosis H37Ra and some type 3 meromycolic acids also showed two series of peaks, one each for the components with two and three functional groups. In the spectra for type 1 α-meromycolic acids from the M. tuberculosis complex, and type 2 and type 3 meromycolic acids of all classes, a series of oddnumbered acid ions were detected, though their contents, as seen in the FAB mass spectra, were normally very small (Figs 3a and 4a ). Odd-numbered acids were, if present, not clearly seen in the spectra of type 1 methoxy-and keto-meromycolic acids, because cis-and trans-cyclopropane-containing isomers formed a series of peaks with 14 mass unit (mu) difference between each peak.
CID mass spectral location of methyl branches
A methyl branch in the alkyl chain is characterized by a gap of 28 mu, as it involves almost simultaneous losses of the methyl and the methine to which the methyl is attached (Tomer et al., 1986) . The spacing between m\z 225 and m\z 253 in the proximal spectra of Fig. 4(b) , and the spacing between m\z 363 and m\z 391 in the proximal spectra of Fig. 5(b) show the locations of their methyl branches.
CID mass spectral location of cis double bonds and cis cyclopropane rings Fig. 3(b) shows the CID spectrum of one of the major components of Fig. 3(a) , namely the ion fragment of the type 3 α-meromycolic acid from M. bovis BCG [741 (MkH) − ], containing one cis cyclopropane ring, proximal to the carboxyl group, and one cis double bond, distal to the carboxyl group (IV, Fig. 1 and Table 1 ). The areas involving fragmentation of these groups are shown (magnified) and the mode of bond cleavage around the functional groups is illustrated. The location of the distal cis double bond was shown by a characteristic radical ion at m\z 474, caused by the homolytic cleavage of the alkyl carbon linkage, α and β to the double bond on the distal side (Crockett et Where two or more homologues were present for one m\z, the most abundant one is given in bold italics. In cases where it was difficult to decide which was the major component, all possible combinations are given in bold italics. Location of functional groups in meromycolic acids Where two or more homologues were present for one m\z, the most abundant one is given in bold italics. In cases where it was difficult to decide which was the major component, all possible combinations are given in bold italics. Location of functional groups in meromycolic acids Where two or more homologues were present for one m\z, the most abundant one is given in bold italics. In cases where it was difficult to decide which was the major component, all possible combinations are given in bold italics. Location of functional groups in meromycolic acids H37Ra (881) * Numbers in parentheses indicate the most abundant m\z value of the series. Underlined numbers in parentheses are for the major m\z value of the three-group-containing series.
The m\z values given are for the ketomeromycolic acids. † Samples also analysed as hydroxymeromycolic acids. ‡ Major m\z of the cis series was 855. § Major m\z of the trans series was 897. In those samples with no §, the trans content was small or scarce. ), and by a pair of ions of low intensities at m\z 445\447. The location of the proximal cis cyclopropane was shown by a characteristic gap of 40 mu between m\z 197 and m\z 237 (Tomer et al., 1986) along with two pairs of fragment ions at m\z 209\211 and m\z 223\225, due to the cleavage of the bonds in the cyclopropane ring.
CID mass spectral location of methoxy groups and trans double bonds Fig. 4(b) shows the CID spectrum of one of the major peaks of Fig. 4(a) , namely the ion fragment of the type 2 methoxymeromycolic acid from M. tuberculosis K [871, (MkH) − ] containing a distal methoxy group and a proximal trans double bond, with magnification of the areas involving fragmentation of the functional groups (VIII, Fig. 1 and Table 2 ). The mode of cleavage around the functional groups is also illustrated. The fragment profile produced by the bond cleavage at and near the trans double bond was practically the same as that of the proximal cis double bond in Fig. 3(b) , with a radical ion at m\z 294 and a pair of fragment ions of low intensities at m\z 265\267. The gap of 28 mu between the ion at m\z 253, caused by the cleavage of the double bond\ alkyl carbon linkage on the proximal side, and the abundant ion at m\z 225 implied that the methyl branch adjacent to the trans double bond was on the proximal side.
The location of the methoxy group was shown by an ion at m\z 587, caused by 1,4-elimination of methanol. The spectrum was characterized by the presence of a series of fragment ions at m\z 587 (major), m\z 601, m\z 615, m\z 629, m\z 643 and m\z 657, caused by CID involving the elimination of methanol, demonstrating that CID does not necessarily require the 1,4-elimination mechanism. The fragment caused by removal of methanol was at m\z 587 and not at m\z 573, demonstrating that the methyl group adjacent to the methoxy group was on the distal side. The fragment at m\z 575 was caused by CID through the elimination of methane.
CID mass spectral location of hydroxy groups and trans cyclopropane rings Fig. 5(b) shows the CID spectrum of one of the major peaks of Fig. 5(a) , namely the peak from the hydroxymeromycolic acid containing a proximal trans cyclopropane ring and a distal hydroxy group [927 (MkH) − ], with magnification of the areas involving fragmentation of these groups. This hydroxymeromycolic acid was derived from type 1 ketomeromycolic acid from MAC KK41-24 (XI, Fig. 1 and Table 3 ). An illustration of the mode of bond cleavage around the functional groups is also given.
The location of the trans cyclopropane ring was shown by a characteristic spacing of 40 mu between m\z 323 and m\z 363, as was seen for the spectrum of components with a cis cyclopropane ring in Fig. 3(b) proximal. The fragment ion at m\z 363 had a stronger intensity than the corresponding one in the spectrum of a cis cyclopropane compound, as reported by Tomer et al. (1986) . The two pairs of ions due to the cyclopropane ring bond cleavage, observed in the spectrum of a cis cyclopropane ring (Fig. 3b, proximal) , were generally less obvious in the spectrum of trans cyclopropane ring compounds. A gap of 28 mu, observed between the ion at m\z 363, produced by cleavage of the cyclopropane\ alkyl carbon on the distal side, and the ion at m\z 391, demonstrated the presence of a methyl group on the distal side of the cyclopropane ring. The location of the hydroxy group was revealed by an ion at m\z 657, due to H # O loss (Tomer et al., 1986) . As was the case for the distal methoxy group (Fig. 4b) , the spectrum was characterized by a series of ions at m\z 657, m\z 685 and m\z 699, produced by CID through the elimination of H # O, again showing that CID does not necessarily require the 1,4-elimination mechanism. That the fragment ion caused by the removal of H # O was at m\z 657 and not at m\z 643, with no detectable ion at m\z 659, provided evidence that the adjacent methyl group was on the distal side of the hydroxy group.
CID mass spectral location of keto groups Fig. 1 and Table 3) , from which the hydroxymeromycolic acid (whose spectral features were discussed above) was prepared, and the fragmentation profile around the keto group.
Both the keto group and the adjacent methyl\methine gave a gap of 28 mu in the spectrum (m\z 615 to 643 and m\z 643 to 671). The location of the keto group may be identified by the presence of a radical ion (m\z 616 in Fig. 5c ) caused by the homolytic cleavage of the carbonyl\alkyl carbon bond on the proximal side of the ketomeromycolic acid. However, the radical ion does not normally give a strong signal, and derivatization of the keto group to hydroxyl may be necessary to detect possibly co-existing minor homologues, which have a keto group in different locations. Location of functional groups in meromycolic acids
General structures of meromycolic acids
The structures of the meromycolic acids determined from the above CID mass spectral analyses are shown in Fig. 1 (I-XIII) . In type 3 α-meromycolic acids from M. bovis BCG and Mycobacterium microti the cis double bond is on the distal side (IV), whereas in those from the other M. tuberculosis complex strains, including M. tuberculosis H37Ra, the MAC and M. marinum, it is on the proximal side (V). The methyl branch adjacent to a trans cyclopropane ring was on the distal side, as has been previously indicated by EI\MS in the ketomycolate from M. tuberculosis (Minnikin & Polgar, 1967a) . The methyl branch adjacent to a methoxy group was shown to be on the distal side, as recently reported by Schroeder & Barry (2001) in a study involving "$C-labelling. The methyl group adjacent to a keto group was also on the distal side of these groups. In type 2 meromycolic acids with a trans double bond (III, VIII and XII), the adjacent methyl branch was on the proximal carbon, as in the dialkene α-mycolate from M. smegmatis (Danielson & Gray, 1982 Fig. 1 . In all of these meromycolic acids, the third group was a cis cyclopropane ring. In the threegroup-containing type 3 methoxy-and keto-meromycolic acids from M. bovis BCG and M. microti (IXh and XIIIh), the cis double bond was near the carboxyl end with a cis cyclopropane ring in the middle. In type 3 α-meromycolic, methoxymeromycolic and ketomeromycolic acids from M. tuberculosis H37Ra with a threegroup (Vh, IXd and XIIId), the cis double bond was assigned to be mostly in the middle. However, for these acids the CID spectra were generally more complex than those for other components, and the possibility of the presence of the double bond near the carboxyl end cannot be ruled out.
Spacing of functional groups
The chain lengths between the functional groups, i.e. the n-m-l and n-nh-m-l values for α-meromycolic, methoxymeromycolic and ketomeromycolic acids as determined by the CID spectral analyses, are summarized in Tables  1, 2 and 3, respectively. Most of the meromycolic acids from the same species were the same in their n-m-l values, although the samples from the H37Ra strain gave results quite diverse from those of other members of the M. tuberculosis complex, and some of the meromycolic acids from the Canetti strain had a longer n chain than usual. No structural diversity was noted among the samples from various M. bovis BCG strains or from the Tokyo strain cells cultured by different techniques over different growth periods.
Often, two or more homologues with different n-m-l values were present for one m\z component. This made the spectra look more complex and the assignment of the locations of functional groups less feasible. In such cases, the major locations of the groups were judged by choosing fragment ions characteristic of the groups and comparing the intensities of these fragment ions. In Tables 1, 2 and 3, the n-m-l values of the major homologues for each m\z are given in italics. The characteristic ions used for approximate quantification of methoxy and hydroxy groups were the fragment ions caused by 1,4-elimination of methanol (e.g. the one at m\z 587 in the distal spectra of Fig. 4b ) and by 1,4-elimination of H # O (e.g. the one at m\z 657 in the distal spectra of Fig. 5b) , respectively. For the double bonds, the radical ions were used as the characteristic ions. In a component containing two or more homologues with their cyclopropane rings in different locations, it was often difficult to determine the precise structures of the major components. In such cases, all possible n-m-l combinations are given in Tables 1, 2 and 3 ; however, the n-m-l values in these tables do not exclude the possibility of the presence of minor components with other combinations. Tables 1-3 show that each meromycolic acid consists of one or two, or in some cases more, homologue series with different m-l values. Generally, for each n-m-l series the n value increases as the m\z increases, and after several steps the m-l may be replaced by another series. In all of these n-m-l series, m and l are always the more conservative parts. For example, in type 1 methoxymeromycolic acid from M. tuberculosis Canetti with a cis cyclopropane ring, the n-m-l is 17-16-17 for m\z 871, 19-16-17 for m\z 899, 21-16-17 with some 19-18-17 for m\z 927, and mostly 21-18-17 for m\z 955. In some cases, as in the type 3 α-meromycolic and ketomeromycolic acids from M. tuberculosis, single m-l series, 14-19 and 18-17, respectively, cover the whole range of m\z for the major components, with n varying from 9 to 17 in the former and from 8 to 19 in the latter.
Meromycolic acids of different m\z values, of different classes or from different origins may have different m-l systems. The m and l values always vary by 28 mu (i.e. two methylene units), as expected for the usual biosynthetic chain-elongation process, whereas n appears to vary by one methylene unit to give a series of ions with 14 mu difference each in the FAB mass spectra.
When the FAB mass spectrum showed a larger number of ions of similar intensities, the CID spectra of the smaller m\z of the series tended to be more complex. This may be due either to inevitable contamination by the fragments from larger m\z components or to the intrinsically more complex n-m-l systems of the smaller m\z components.
The CID spectra showed that the n-m-l series of the meromycolic acids from M. tuberculosis H37Ra were more complex, implying the presence of more homologues. The meromycolic acids from this strain were further characterized by shorter l and longer n chains M. Watanabe and others compared to those from other M. tuberculosis stains, as shown in Tables 1-3 .
DISCUSSION
Previously, the chain lengths of mycolic acids and the locations of functional groups within them were determined by EI\MS studies of chemically derivatized components. In particular, the positions of the cyclopropane rings within mycolates were established (Minnikin & Polgar, 1967a, b ; Gensler & Marshall, 1977) . However, EI\MS studies on non-derivatized homologous mixtures of mycolic acids do not give reliable information on the location of double bonds, cyclopropane rings and methyl branches within these acids. In the present study, a series of meromycolic acids were prepared from individual mycolate components and subjected to CID MS. Since meromycolic acid possesses a stable charge site, i.e. a carboxylate anion at one end of the chain, CID MS, in which bond cleavage occurs independently of the charge, provides reliable information about the locations of functional groups, i.e. cis and trans double bonds, cis and trans cyclopropane rings, methoxy and keto groups, and methyl branches.
Methoxymycolic acids (xii) CH=CH-CH(CH 3 ) (CH 2 ) n -CH(OH)-CH(COOH)-(CH
The precise locations of the functional groups in meromycolic acids, here referred to as the n-m-l and nnh-m-l values, were determined by CID MS, and the results of these analyses are shown in Tables 1-3 . On the basis of these n-m-l values, mycolic acid structures were elucidated and are shown in Fig. 6 . These pieces of Location of functional groups in meromycolic acids information on the precise structure of mycolic acids may provide more definite insights into the biosynthetic relationships between various types and classes of meromycolic acids from various mycobacteria. This information may also shed light on the physiological features of the cell-wall mycolate layer in mycobacteria, as the compactness of the mycolate layer should be directly related to the structure of or locations of functional groups in the component mycolates.
Relationship between type 1 and type 3 meromycolic acids.
Mass distribution and n-m-l values suggested a close relationship between the type 1 meromycolic acids with a cis cyclopropane ring and the corresponding type 3 meromycolic acids. The type 1 α-meromycolic acids with a cis cyclopropane ring from the M. tuberculosis complex, the MAC and M. marinum (I, Table 1 ) had corresponding type 3 α-meromycolic acids with the same n-m-l values as the type 1 α-meromycolic acids, but with molecular masses 14 mu lower (IV and V, Table 1 ). What is more, the m\z of the most abundant component of type 1 (I) was always higher than that of the corresponding most abundant component of type 3 (IV) or type 3 (V) by 14 mu.
The relationship between the cis-cyclopropane-containing type 1 and type 3 components was also generally observed in ketomeromycolic acids when both types were analysed, i.e. those from the M. tuberculosis complex and the MAC (X and XIII, Table 3 ). In methoxymeromycolic acids from the M. tuberculosis complex (Table 2) , the m-l value of the major type 1 meromycolic acids (VI) was 16-17 or 18-17, whereas that of the major type 3 component (IX) was 18-17. The same relationship between the type 1 and type 3 meromycolic acids was also noted between the meromycolic acids with three groups (Table 1 ). In the methoxymeromycolic acids from M. tuberculosis H37Ra, the m\z of the most abundant of the type 3 components (IXd), all with three groups with m\z 869 and n-nh-m-l values of 15-6-10-17 and 15-6-12-15, had the corresponding type 1 components (VIh), having m\z 883 and the same n-nh-m-l values. The same relationship was noted between the type 1 and type 3 ketomeromycolic acids with three groups from the same strain (Xh and XIIId).
The FAB mass spectra of type 1 meromycolic acids normally gave only two or three major ions (Fig. 5a ), whereas those of type 3 meromycolic acids often gave a series of ions with a wider range of m\z (n) values. Perhaps the enzyme systems involved in the derivatization of type 3 components into type 1 components work only on certain type 3 components of appropriate n-chain lengths, with the rest being left as type 3 meromycolic acids?
Although type 1 methoxy-and keto-meromycolic acids with two groups (VI and X, respectively) from M. tuberculosis H37Ra do not seem to have corresponding type 3 components with two groups, the observations described above apparently support the biosynthetic postulate that a cis double bond in meromycolic acids is a direct substrate for cis cyclopropanation. 
Fig. 7.
Lederer's scheme showing the possible relationship between a cis double bond, a cis cyclopropane ring and a trans double bond with an adjacent methyl branch in meromycolic acid (Lederer, 1969) .
Relationship between cis-and trans-cyclopropane-containing components. Type 1 α-meromycolic acids from M. kansasii and the MAC, and type 1 methoxy-and ketomeromycolic acids from all of the strains tested, except those from M. tuberculosis H37Ra, consisted of both cis-and trans-cyclopropane-containing components. In these type 1 meromycolic acids, almost any component with a trans cyclopropane with ' n-m-l ' had a corresponding type 1 component with a cis cyclopropane whose m\z was 14 mu less, with ' (nj1)-m-l '. For example, type 1 α-meromycolic acid with a trans cyclopropane ring (II) from M. kansasii m\z 853, whose n-m-l values were 18-14-17 and 18-12-19, had the corresponding component with a cis cyclopropane (I) of m\z 839, whose n-m-l values were 19-14-17 and 19-12-19. The structural relationships between the cis-doublebond-containing, cis-cyclopropane-containing and trans-cyclopropane-containing meromycolic acids having n-m-l, n-m-l and (nk1)-m-l, respectively, may be explained by the scheme proposed by Lederer (1969) (Fig. 7) . This scheme involves the introduction of a methionine methyl across a cis double bond in the meromycolic acid chain, which may then form a cis cyclopropane. Alternatively, it can form a trans double bond with an allylic methyl group on the distal side when Rh in Fig. 7 is the carboxyl end, which may be then cyclopropanated to a trans cyclopropane ring with an adjacent methyl group on the distal carbon. This explains the formation of a trans cyclopropane ring in the original type 3 meromycolic acid with a cis double bond without a change in the m-chain length, but with an increase in the molecular mass of 28 mu. Cyclopropanation of a trans double bond in the meromycolate chain has been suggested (Yuan et al., 1998 ; Barry et al., 1998) , and many of the enzyme systems involved in the scheme have been identified .
Pairs of cis-cyclopropane-containing and trans-cyclopropane-containing meromycolic acids, showing the relationships described above, were observed commonly in the type 1 meromycolic acids where the two relevant n-m-l series were present. However, the molecular mass distribution of the two series matched only in type 1 methoxymeromycolic acids from M. kansasii and ketomeromycolic acids from the M. tuberculosis complex, M. kansasii, the MAC and M. scrofulaceum. In α-meromycolic acids from M. kansasii and the MAC, and methoxymeromycolic acids from M. tuberculosis Canetti, the molecular mass difference between the most abundant components of the two series was 42 mu or more. The molecular mass difference between the pairs of components of the type 1 methoxymeromycolic acids from M. tuberculosis Canetti [(VI, m\z 871, and (VII, m\z 969, 22-16-17)] was 98 mu, or 7 methylene units.
The mass difference between the most abundant of the two series was due to the larger n values in the transcyclopropane-containing components, as both series had the same m-l system. It is possible that elongation in n may take place after the introduction of the trans cyclopropane ring into the chain, or that the transcyclopropanation enzyme system prefers type 3 meromycolates with longer n chains as its substrate.
Relationship between type 2 meromycolic acids and other meromycolic acids. In some α-meromycolic acids, type 1 and type 2 components with the same m\z display an n-m-l and n-(mk1)-l relationship. For example, in α-meromycolic acids from M. scrofulaceum, the most abundant type 1 component of m\z 811 and the most abundant type 2 component of m\z 811 was 17-14-17 and 17-13-17, respectively.
In α-meromycolic acids from M. tuberculosis Canetti, type 2 α-meromycolic acids with n-(mk1)-l correspond to type 1 components with n-m-l. However, the mass of the most abundant of the type 2 component was 839 (nm-l 17-13-19), whereas that of the corresponding most abundant type 1 component was 755 (n-m-l 11-14-19), producing 84 mu (6 methylene units) difference in the m\z between the two. The corresponding type 3 α-meromycolic acid of n-m-l 17-14-19 (m\z 825) was only a minor component. This raises the possibility that type 2 components may not be directly derived from a type 3 component.
The n-m-l relationships outlined in the cases above suggest that the relationship between the type 1 and type 2 meromycolic acids is similar to that between the ciscyclopropane-containing components and the transcyclopropane-containing components of type 1 meromycolic acids. According to Lederer's scheme (1969 ;  Fig.  7 ), the methyl group may be introduced to either carbon of the cis double bond to form a trans double bond with a methyl group on either the proximal or the distal carbon of the double bond. Thus, when R is the carboxyl-containing end in Fig. 7 , the type 2 meromycolic acids presented here, containing a trans double bond with a methyl on the proximal carbon, may be produced. Only those trans double bonds with a methyl on the distal side may serve as a direct substrate for trans cyclopropanation to form type 1 meromycolic acids with a trans cyclopropane, whereas those with a methyl on the proximal carbon (i.e. the type 2 meromycolic acids presented here) may remain as type 2 meromycolate. Glickman et al. (2001) reported that CmaA2, an enzyme involved in trans cyclopropanation, did not produce a trans cyclopropane in trans-double-bondcontaining mycolate-producing M. smegmatis.
In methoxy-and keto-meromycolic acids from the M. tuberculosis complex and the MAC, the more generally observed rule between the type 1 and type 2 components is that the type 1 meromycolic acids with a cis cyclopropane (VI and X) have n-m-l, whereas the type 2 components (VIII and XII) have (nk2)-(mj1)-l. This relationship applies to the majority of the type 1 and the corresponding type 2 components of these two classes.
What is more, in these classes, the m\z values of the most abundant of the type 1 components (VI, X) and those of the corresponding type 2 components (VIII, XII) are mostly the same. However, the biosynthetic relationship between the type 2 meromycolic acids and the corresponding type 1 components, or some other components, is not defined.
Thus, an apparently different type 1\type 2 structural relationship is observed between the α-meromycolic acids and the oxygenated meromycolic acids, which may suggest that these two groups of mycolates have their own different biosynthetic systems.
Relationship between meromycolic acids with two groups and those with three groups. Type 3 α-meromycolic acids and type 1 methoxy-and keto-meromycolic acids from M. tuberculosis H37Ra, type 3 methoxymeromycolic acids from M. bovis BCG and M. microti, and ketomeromycolic acid from M. bovis BCG consist of components with two functional groups and components with three functional groups (V-Vh, VI-VIh, X-Xh, IX-IXh and XIII-XIIIh, respectively). In each case, the m\z value of the most abundant of the three-groupcontaining series was 40 mu higher than that of the corresponding two-group-containing components, implying the introduction of a cyclopropane ring into the two-group-containing component.
The type 3 methoxymeromycolic acids with three functional groups from M. bovis BCG and M. microti, and the type 3 ketomeromycolic acid with three groups from M. bovis BCG, all with n-nh-m-l, were related to the corresponding components with two functional groups from the same strains [n-(nhjm)-l]. It may be that unsaturation is introduced into the longer m chains of the meromycolic acids, which may have been produced for some reason, in M. bovis BCG and M. microti cells, to form a new cis double bond in the m chain.
In the case of M. tuberculosis H37Ra, the n-m-l values suggested that type 1 methoxy-and keto-meromycolic acids with three groups (VIh and Xh) and type 3 methoxyand keto-meromycolic acids (IXd and XIIId) from M. tuberculosis H37Ra are structurally more closely related to the corresponding methoxy-and keto-meromycolic acids from other members of the M. tuberculosis
Location of functional groups in meromycolic acids complex that have two functional groups (VI and X ; IX and XIII) than to the corresponding two-group-containing components from H37Ra, though no two-groupcontaining type 3 methoxy-and keto-meromycolic acids were isolated from this strain. For example, a component of (VIh) m\z 911, whose n-nh-m-l is 17-8-8-17 or 17-6-10-17, is related to the type 1 methoxymeromycolic acid from the M. tuberculosis complex with two groups (VI) of m\z 871, whose m\z is 40 mu less and whose nm-l is 17-16-17. The other component of (VIh) m\z 883, with 15-8-8-17 or 15-6-10-17 , is related to the component m\z 843 of (VI), whose n-m-l is 15-16-17, in the same manner. This suggests the introduction of a cis cyclopropane ring into the m chain of the latter. An analogous relationship is observed between (X) and (XIII) from M. tuberculosis and (Xh) and (XIIId), respectively. It may suggest that the cells of this strain may produce, along with its own mycolates, some mycolates of the parent M. tuberculosis, and that their m chains may be subjected to the introduction of unsaturation.
Hence, the newly introduced double bond may be ciscyclopropanated, to form the three-group-containing type 3 methoxy-and keto-meromycolic acids from M. bovis BCG and M. microtii and the type 1 methoxy-and keto-meromycolic acids from M. tuberculosis H37Ra.
In the type 3 methoxy-and keto-meromycolic acids from H37Ra, the original proximal double bond may be cis-cyclopropanated.
Some of the n-nh-m-l values of (IXh) and (IXd) are the same, and so are those of (XIIIh) and (XIIId). This may support the above-described assumption.
In the case of α-meromycolic acids, comparison of the nm-l of a component (V) from M. tuberculosis H37Ra (most abundant, next, with the n-nhm-l of a component (Vh) whose m\z was 40 mu higher [most abundant, 15-4-(13-6-) 10-17 ; next 13-4-(11-6-)10-17], suggested the introduction of a cis cyclopropane ring to the n chain of (V). This may also provide evidence that in the α-mycolates, and the oxygenated mycolates, different biosynthetic systems may be working.
Relationship between methoxy-and keto-meromycolic acids. CID spectra are available for the pairs of the type 1 methoxy-and keto-meromycolic acids from M. kansasii and for the type 1, type 2 and type 3 methoxyand keto-meromycolic acid pairs from the M. tuberculosis complex. In those pairs analysed, including those of the three-group-containing components from M. tuberculosis H37Ra, the most abundant meromycolic acid components of the two classes had the same nm-l values. The fact that both the molecular mass distributions and the n-m-l relations of the two classes in each pair generally matched may imply the presence of a very immediate common precursor for the two oxygenated meromycolic acids, as suggested previously (Dubnau et al., 1997) . One exception was noted, however, in the pairs of type 2 meromycolic acids from M. tuberculosis Canetti ; the n-m-l of the most abundant methoxymeromycolic acid was 15-19-17, whereas that of the most abundant ketomeromycolic acid was 17-17-17.
Meromycolic acids from M. tuberculosis H37Ra. Previously, the mycolates from M. tuberculosis H37Ra, originally derived from M. tuberculosis H37 (Steenken & Gardner, 1946) , were shown to be characterized by an increased three-group-containing mycolate content and a higher cis group or an extremely low trans group content (Watanabe et al., 2001) . The presence of ketomycolate with an additional cyclopropane ring has been implied previously by Takayama et al. (1979) .
The present CID MS studies showed that the structures (n-m-l) of the meromycolic acids from H37Ra were different from those from other M. tuberculosis strains. They were characterized by more complex n-m-l series, and shorter l and longer n chains. l was 17 for the α-meromycolic acid, and 15 and 17 for the methoxyand keto-meromycolic acids ; n was mostly 17 and 19 for the α-meromycolic acids, and mostly 19 and 21 for the methoxy-and keto-meromycolic acids, with the exception of those components with three functional groups.
Previously, Qureshi et al. (1978) separated the α-mycolate from H37Ra into several fractions by HPLC and subjected each fraction to EI\MS. The authors concluded that the major m-l of the mycolates from this strain should be 10-17. According to the present results, the m-l of 10-17 may be present, but it is apparently not the sole major series for the α-mycolates from H37Ra.
Structures of meromycolic acids and pathogenicity. Pathogenicity is the result of the combined effect of a number of complex factors. However, one essential factor needed for mycobacteria to be human pathogens is the capacity of the bacterial cells to thrive in human macrophages. Essentially and critically, the mycolate layer of the bacterial cell wall should act as a barrier to both hydrophilic and hydrophobic attack by host macrophages. Different mycolic acids are considered to contribute differently to the mycolate layer and to its structure and function, as implied in papers referred to in the Introduction. Thus, to elucidate the functions and features of the mycolate layer, the structures of its constituent mycolates must be precisely defined. Liu & Nikaido (1999) have demonstrated the hypersensitivity of mycolate-deficient M. smegmatis cells to various hydrophobic antibiotics.
The present study has revealed distinct structural characteristics for the meromycolic acids from strains of the M. tuberculosis complex, with the exception of H37Ra. These meromycolic acids, all similar to each other, are characterized by more regular and steady m-l systems (one m-l covers a wider range of m\z), and longer l and shorter n chains (Tables 1-3 ). These characteristic features of the chain lengths are most emphatically and clearly seen in the α-meromycolic acids, where l is almost exclusively 19 and n of the most abundant component is 11 or 13. Since α-mycolate constitutes about 50 % of the total cell-wall mycolates from M. tuberculosis, its characteristic chain lengths should provide the cell-wall mycolate layer of M. tuberculosis with specific physico-chemical features.
The definite effects of the chain lengths, or l, m and n values, of the constituent mycolates on the cellwall mycolate layer structure are not known. However, n-m-l values should be at least one critical factor that contributes to the compactness of the mycolate arrangement in the cell-wall mycolate layer and, probably, to its function as a permeability barrier. The importance of the proximal functional groups of the meromycolate chain for the cell wall of the lowest fluidity region of the mycolate layer has been mentioned . The effect of the proximal functional groups might be more profound if they were located nearer to the base of the cell wall.
Previously, we reported that the mycolates from various M. bovis BCG strains had higher ketomycolate contents, higher three-group-containing mycolate contents and higher cis group contents than those from M. bovis (Watanabe et al., 2001 M. tuberculosis and M. bovis, whose mycolates have similar cis\trans ratios and compositions, and whose meromycolic acid structures are the same (and accordingly produce a similar cell-wall mycolate layer), are human pathogens. M. bovis BCG and M. microti, whose meromycolic acids have the same n-m-l system as those from M. tuberculosis but with different mycolate ratios, different cis\trans ratios and different double bond contents, are not considered to be human pathogens. In M. kansasii, another human pathogen whose mycolate composition is generally similar to that of M. tuberculosis, the chain structures of the oxygenated meromycolic acids are also analogous to those of the corresponding components from M. tuberculosis ; however, the structures of the meromycolic acid chains of its α-mycolates, constituting about half of the total mycolates, are different. This difference may account for the observed differences in the sensitivity to antibiotics of these two species and the level of pathogenicity displayed by these two species, and may provide evidence for the relationship between the mycolate chain structures and the nature of the mycolate layer. M. tuberculosis H37Ra, whose α-, methoxy-and keto-mycolate ratio is similar to that of the M. tuberculosis complex but whose meromycolic acid structures are quite different from those of the M. tuberculosis complex, is not considered to be pathogenic. Thus, if the cell-wall mycolate layer or its function as a permeability barrier is the key to the pathogenicity of M. tuberculosis, both the mycolate compositions and the mycolate chain structures are the key factors which decide its pathogenicity.
The present structural studies also revealed a marked similarity between the meromycolic acids from M. bovis BCG and M. microti, both considered not to be human pathogens and known to have similar mycolate compositions (Watanabe et al., 2001) . In addition to the same n-m-l systems, the type 3 α-meromycolic acids from these two species have the cis double bond in the distal position.
Biosynthesis of meromycolates. A couple of review articles describe the currently accepted biosynthetic pathways for the mycobacterial mycolic acids (Brennan & Nikaido, 1995 ; Barry et al., 1998) . Not all of the steps involved in the biosynthetic process have been experimentally verified as yet, but it must be that the meromycolates are synthesized first, and then go through a Claisen-type condensation to produce the mycolates. Liu & Nikaido (1999) isolated a mutant M. smegmatis strain that does not synthesize proper mycolates but which accumulates defective meromycolates, which are bound to the arabinogalactan structure (Wang et al., 2000) . The accumulated defective meromycolates, having two cis double bonds and the l-and m-chain lengths of the proper M. smegmatis α-mycolates, possess a range of much shorter n chains. Currently, it is not known what other biological systems are defective in this mutant strain, but the results of Liu & Nikaido (1999) seem to agree with our present observations and assumptions.
It
has not yet been definitely demonstrated at which stage of meromycolate synthesis the functional groups are introduced , but in the accumulated meromycolates of the defective M. smegmatis strain, the two cis double bonds are in the right position, even though n-chain formation is not complete. Along with our present observation that in all meromycolic acids m-l is the more steady part, this information suggests that n-chain elongation occurs after the locations of the major functional groups have been allotted to the right place in the meromycolic acid chain. Unsaturation occurs during elongation of the chain, not after the completion of the full-length meromycolate chain.
The two double bonds in the accumulated meromycolates with shorter n chains are both cis. No trans double bond is detected, which is the functional group in another major component of the M. smegmatis mycolates. It is likely that meromycolates with cis double bonds are first produced, which have a range of proper n-chain lengths (as in Tables 1-3) . Then those meromycolic acids with certain n-chain lengths, having an acyl-carrier protein at the carboxyl end, may serve as specific substrates for certain enzyme systems involved in the derivatization of the cis double bond. This
Location of functional groups in meromycolic acids explains why no trans group was detected in the defective M. smegmatis meromycolates, as the n chains may have possibly been too short for the enzymes, and why normally only two or three major component ions are seen in the FAB mass spectra of type 1 meromycolic acids (Fig. 5a) , when a larger number of ions are present in the FAB mass spectra of type 3 meromycolic acids. It may also explain why the most abundant major components of cis-cyclopropane-containing and trans-cyclopropane-containing type 1 meromycolic acids often have different n-chain lengths.
The differences in molecular mass distribution or in the n-chain lengths between the meromycolic acids of two different types, apparently derived from the same precursor, may be ascribed to the preference of the specific enzymes involved in mycolate-layer biosynthesis for the substrate or for the specific n-chain lengths. However, the n-chain lengths of the type 2 α-meromycolic and trans-cyclopropane-containing type 1 methoxymeromycolic acids from M. tuberculosis Canetti (most abundant components having n-m-l 17-13-19 and 22-16-17, respectively) are much longer than expected. The n-m-l value of the most abundant of the possible type 3 precursors for the former is 11(13)-14-19 and that of the most abundant of the related cis-cyclopropanecontaining components is 17-16-17. In both cases, the corresponding components having the n-chain lengths of the trans components are minor ones. Although no relevant enzyme systems are known, this information suggests that n-chain elongation of those derivatized meromycolates still retaining an acyl-carrier protein at their carboxyl end may be considered possible.
Previously, it has been shown that α-mycolates and oxygenated mycolates have different total chain lengths, and that although the mycolate ratios vary among strains of M. tuberculosis, or among cultures of M. bovis BCG Tokyo and M. microti grown under different culture conditions or for different periods of time, the ratios between the α-meromycolate concentration and the methoxy-plus keto-mycolate concentration remain constant (Watanabe et al., 2001) . Therefore, if these two groups of mycolates are to be derived from a common precursor, they must be derived at an early stage of biosynthesis (Brennan & Nikaido, 1995 Our present results may add further evidence that the synthesis of α-mycolates and oxygenated mycolates involves some different or independent enzyme systems. In α-meromycolic acids, when type 1 meromycolic acids have the n-m-l structure the type 2 components have n-(mk1)-l, whereas in the oxygenated meromycolic acids, when type 1 components have n-m-l the system for the type 2 components is (nk2)-(mj1)-l. When a third group is introduced into the components with two groups, in the α-meromycolic acids it is introduced into the n chain and in the oxygenated meromycolic acids it is introduced into the m chain. However, only one α-meromycolic acid with three groups was analysed in the present study.
In the present study, analyses were made on only a limited number of meromycolic acids. Comparison of the n-m-l values of a larger number of meromycolic acids from more mycobacteria may reveal more definite biosynthetic relationships between various mycolic acid chains.
